A series of batch reactor experiments were conducted to measure the rate of dissolution of four mineral specimens under conditions of CO 2 saturation at 200 bar and 80 o C in NaCl brines. Comparing the results within individual experiments and against those of eleven different laboratories participating in an interlaboratory comparison study (GaMin'11) shows wide variability, up to two orders of magnitude, in measured dissolution rates of individual minerals. In general, elevated pCO 2 appears to have little effect on mineral dissolution rates other than the expected increase in dissolution rate induced by the increase in acidity of solutions.
Introduction
Understanding CO 2 -water-rock interactions is important for determining the reactivity of minerals in potential CO 2 storage reservoirs and how these interactions affect the petrophysical and geochemical properties, such as mineral-trapping, in a reservoir over time. Determining how reactive various mineral assemblages are and what dissolution and precipitation reactions dominate the changes to the geochemistry of a system depends on observations from natural analogues and experiments to characterise these processes. Experiments simulating the elevated pressure-temperature conditions typical of storage reservoirs are varied in technique, but ultimately are designed to measure rates of mineral dissolution or precipitation that can be built into geochemical models that describe fluid-rock interactions. Here we present the methodology and results of batch reactor experiments conducted as part of the gas-fluid-mineral systems (GaMin'11) international interlaboratory comparison study [1] , as part of an effort to compare methods between different laboratories for measuring rates of mineral dissolution under CO 2 storage conditions.
Nomenclature

DIC
Dissolved inorganic carbon RSA Reactive surface area (m 2 ) SSA Specific surface area (m 2 g -1 ) m mineral mass of mineral used in experiment (g) n mineral amount of mineral dissolved (moles)
Experimental Methods
Materials and experimental design
Samples of pre-processed mineral specimens of an ankerite/siderite mix (C0014) [2] , plagioclase feldspar (C002) [3] and illite-smectite mixed layer clay (C007) [4] were provided by Christian Ostertag-Henning from Bundesanstalt of Geowissenschaften and Rohstoffkunde (BGR) in Hannover, Germany as part of the GaMin'11 interlaboratory comparison study [1] . Additionally a specimen of chlorite (CCa-2) was obtained from the Clay Minerals Society for detailed dissolution studies under similar conditions [5] . These specimens were further characterized using various techniques including, XRD and XRF for mineral composition, multi-point BET-N 2 for specific surface area and laser grain size analysis for geometric surface area and grain size distributions. The following experimental protocol were given to all participants in the GaMin'11 initiative to follow: 80 o C 200 bar CO 2 overhead -solutions saturated with CO 2 throughout experiments initial brine:mineral ratio of 20:1 brine composition of 150 g/L NaCl
These conditions were followed exactly for the GaMin'11 mineral specimens. Results for the chlorite mineral specimen presented here are for the same temperature and pressure, but using an initial brine:mineral ratio of 100:1 and different brine composition of 50 g/L NaCl and 30 mM NaHCO 3 . It is worth noting that the NaCl concentration was found to not affect rates of chlorite dissolution in an extended study on the reactivity of the mineral under CO 2 saturated conditions [5] .
Batch reactor design and operation
Parr™ vessels made of T316 stainless steel with an internal volume of 250 mL were used to conduct experiments. The vessel heads were fitted with a gas inlet/outlet line, a titanium dip-tube line for sampling fluids and a rupture disc ( Fig. 1 ). Processed mineral samples (see Section 2.1) were suspended in brines (initial 20:1 fluid:mineral) within a teflon cup lining the interior of the vessels and the vessels sealed via a split ring system and PTFE gasket to which 33 N·m of torque was applied. Vessels were purged via the gas vent line using a vacuum pump and solutions degassed by bubbling CO 2 through the dip-tube line for 5-15 minutes before sealing the vessel with approximately 40 bar of CO 2 (bottle pressure). Vessels were then heated in an oven to 80 o C. Internal temperature of the vessels was not monitored, however, preliminary experiments with a thermal well installed in the vessels were conducted to monitor temperature profiles, indicating an approximate 2 hour thermal equilibration time. Once at temperature the pressure in the vessels was boosted with sc-CO 2 using a hydrated gas booster system (Hydratron©) to a final pressure of 200 bar, which was monitored between fluid sampling on isolated pressure gauges closest to the vessel head. Samples were taken every 1-4 days by removing the vessels from the oven and sampling fluid through the diptube line, leading to a 20-40 bar drop in pressure. Two fluid samples were taken: c. 3-6 mL collected at atmospheric pressure and filtered with 0.22 micrometer Millipore GS filter. This sample was apportioned for various analyses (see Section 2.3), one fraction acidified with a few drops of ultrapure conc. HNO 3 and the other unacidified before storing at 4 o C. c. 1.5 mL collected at pressure to a sample vessel containing 0.5 mL of 4 M NaOH to react with CO 2(aq) to form CO 3
2-
(aq) and thus capture the total dissolved inorganic carbon (DIC) for acid titration (see Section 2.3).
After fluid sampling vessels were pressurised back to 200 bar by pumping sc-CO 2 through the dip-tube line and placing the vessels back in the 80 o C oven.
Analytical Methods
Mineral sources and detailed characterization are described in Section 2.1. Further details on mineral characterisation can be found in a report for the CO2CRC compiled by Black and Haese [6] , a detailed dissolution study on chlorite by Black and Haese [5] and technical reports on mineral characterization of GaMin'11 mineral specimens conducted by BGR [1] [2] [3] [4] .
The 150 g/L NaCl brine was made up gravimetrically from salt provided for the GaMin'11 studies. Compositions of all fluid samples collected over the course of dissolution experiments were characterized by various methods. Unacidified aliquots were used to immediately measure properties such as pH, which steadily increased as CO 2 exsolved, total alkalinity by acid titration and Fe(II) concentration using a spectrophotometric technique. The DIC content of samples was calculated from a total alkalinity determination. The major element concentration in solutions was determined by ICP-OES, with all major cations identified in mineral specimens being monitored. Further details on the analytical methods are provided in Black and Haese [5, 6] .
Mineral Dissolution Rate Calculations
Reaction rates are expressed in terms of the amount of mineral dissolved (moles) over time (seconds) normalized to the reactive surface area, RSA (m 2 ), or the effective surface area of mineral surface reacting with fluids.
(moles m -2 sec -1 )
For experimental purposes the specific surface area, SSA (m 2 g -1 ) as measured by BET-N 2 techniques (Section 2.1) is used to calculate a reactive surface area of mineral in experiments by multiplying the SSA by the mass of mineral used in an experiment, i.e. RSA = SSA * m mineral . In order to compare the results of these experiments to other participants in the GaMin'11 study the SSAs listed in BGR reports [2] [3] [4] were used to normalise rates of dissolution.
Results and Discussion
The mineral constituents identified by XRD and compositions as identified by XRF and SEM/EDS spot analysis are listed in Fig. 2A as stoichiometric mineral compositions, percentages of each phase present are also listed. The siderite sample contained a significant amount of ankerite, which proved to be the more reactive phase (see Section 3.1). The plagioclase feldspar was identified as having the composition of a labradorite and the chlorite specimen was magnesium rich indicating a clinochlore composition, with these two mineral specimens having insignificant secondary phases present. The illite sample was mixed with c. 10-15% smectite layers which led to a significant cation exchange capacity of 14 meq/100g for the mineral specimen [4] . Further details can be found in technical reports [2] [3] [4] 6] . Fig. 2B plots the amount of mineral (n mineral ) dissolved over time in each of the experiments based upon the aqueous concentration of the different components found in the mineral. Thus, steady state reaction rates can be calculated from the slope of a linear fit to the data (Eq. 1, Fig. 2B ). The congruency of mineral dissolution is determined by plotting the amount of mineral dissolved based on one component in the mineral versus another (stoichiometric trends, Fig. 2C ). The slope of some dissolution trends may change due to dissolution rates decreasing as equilibrium is approached, but approximations of a steady state far-from-equilibrium dissolution rates are plotted in Fig. 2B as solid lines.
A comparison to rates calculated from compiled kinetic parameters from various literature sources [7] [8] [9] [10] [11] [12] [13] is made in Fig. 2D , showing that predicted rates (bars labeled Literature, Fig. 2D ) correspond well with the rates measured in this study, but with considerable variability on the order of 2 orders of magnitude difference between the highest and lowest calculated rates.
The measured DIC corresponded well with calculated solubilities for CO 2 under the experimental conditions, but there was significant error (+/-18 to 38 %, 1 sigma) in the measurement due to a large uncertainty in the small volumes of fluid being captured for this analysis [6] . In order to calculate the in-situ pH of experimental fluids, calculated CO 2 solubilities at experimental conditions were used and in-situ pHs were found to be around 1 pH unit more acidic than measured ex-situ pHs [5, 6] . The in-situ pH varied anywhere from 3.9 to 5.1 depending upon the mineral type dissolving and in general pHs increased 0.1 to 0.5 units over the course of an experiment as the minerals dissolved. The in-situ pH of the chlorite experiment was fixed at 4.56 by the additional 30 mM NaHCO 3 added to the experimental solution to buffer pH [5] . Detailed discussion regarding the mineral dissolution rates observed are presented in the following section.
Mineral Dissolution Trends and Rate Comparisons
The reactivity of the minerals studied spanned many log orders of magnitude from the mixed carbonate (siderite/ankerite) to the mixed-layer phyllosilicate (illite-smectite).
Siderite/Ankerite (4/1): Fe 0.8 Mg 0.1 Mn 0.1 CO 3 / Ca(Mg 0.2 Mn 0.1 Fe 0.8 )(CO 3 ) 2 Aqueous trends for Fe, Mn, Mg, Ca, and CO 3 were monitored and indicated an initial period of rapid dissolution in the first 24 hours of reaction. The iron concentrations peaked rapidly, within 3 days, before declining which may have indicated the precipitation of a secondary iron mineral, manganese concentrations showed a similar trend (Fig.  2B ). It is difficult to determine what secondary mineral phases may have precipitated as geochemical modelling did not indicate any potential supersaturated mineral phases with respect to solution composition nor were secondary mineral phases identified in reaction products [6] . The Ca, Mg and CO 3 trends all increased at a steady rate and corresponded to the stoichiometric dissolution of ankerite (Fig. 2C ) on the order of -7.2 to -7.6 log (mol m -2 sec -1 ), which compares well with other experimental studies on dissolution rates of iron carbonate minerals [8, 13] (Fig.  2D) , and the findings of other GaMin'11 participants [1] .
Plagioclase (Labradorite): Na 0.4 Ca 0.7 Al 1.5 Si 2.5 O 8 Aqueous trends for Ca, Si and Al were monitored and again showed an initial more rapid dissolution of mineral within the first 24 hour period, followed by a slower and steady dissolution rate (Fig. 2B) . The initial rapid dissolution rate of -9.16 log (mol m -2 sec -1 ) is comparable to literature studies [11] (Fig. 2D ), whereas the slower steady dissolution ranging from -9.73 to -10.45 (mol m -2 sec -1 ) may indicate an approach towards equilibrium and subsequent decrease in the dissolution rate of the mineral. Other mineral phases, such as kaolinite, gibbsite, quartz and albite, were supersaturated with respect to the final solution composition [6] , but were not identified in final reaction products and the dissolution trends of Ca, Al and Si all dissolved roughly congruently relative to their stoichiometric amount in the labradorite mineral (Fig. 2C) .
Illite: K 0.6 (Mg 0.2 Al 1.8 )[(Al 0.5 Si 3.5 )O 10 ](OH) 2 Aqueous trends for K, Mg, Si and Al were monitored again showing an initial rapid increase in concentrations in the first 24 hours of reaction proceeded by a slow and steady dissolution rate of the mineral. A broad range of dissolution rates of -12.6 to -13.2 log (mol m -2 sec -1 ) are determined from the various aqueous trends (Fig. 2B ), but in general compare well with other experimental studies on illite dissolution [7, 9] (Fig. 2D ). All elements dissolved roughly congruently relative to their stoichiometric amount in the illite mineral specimen (Fig. 2C) , however, there was a large initial excess of Mg and K dissolved relative to Si and Al (Fig. 2C ) in the first 24 hours of the experiment. This may indicate some initial cation exchange of Mg and K from smectite layers with Na from the concentrated brine at the beginning of experiments. Other mineral phases, such as kaolinite, gibbsite and quartz were supersaturated with respect to the final solution composition [6] , but were not identified in final reaction products. 8 A detailed study on the dissolution of a magnesium rich chlorite under CO 2 saturated conditions was conducted with modified methods from those used for the GaMin'11 study. Reactivity as a function of pH, temperature, pCO 2 and other compositional variables were explored. Comparable pressures and temperatures were studied and similar aqueous trends observed with Mg and Si concentrations increasing congruently in relation to their stoichiometric amounts in the chlorite mineral (Fig. 2C) . Aluminium concentrations were low ( Fig. 2B) and incongruent relative to the abundance of other mobilised cations indicating there may have been some secondary gibbsite precipitation during experiments, but secondary mineral phases could not be identified in reaction products [5] . A comparable dissolution rate at 80 o C and 200 bar CO 2 was found to be -11.9 log (mol m -2 sec -1 ) in-between the reactivity of labradorite and illite and at the lower end of calculated chlorite dissolution rates from other experimental studies and compiled kinetic parameters [10, 12] (Fig. 2D ).
Conclusions
The relative reactivity of the studied mineral phases has the potential to affect the long-term carbon mineral trapping in a reservoir and the associated development of porosity and permeability. The experimental results here show that the dissolution of different minerals will lead to the supersaturation of formation waters with respect to new mineral phases, and precipitation may proceed. Of the minerals studied here, all of them are approaching an equilibrium saturation state in a relatively short time period, with new mineral phases rapidly becoming supersaturated with respect to the solution composition. Detailed experimental data sets, such as those presented here, are needed to aid in predicting how the availability of these reactive mineral phases will affect mineraltrapping processes. However, upscaling these results to reservoir conditions requires rock-specific information such as the reactive surface area of minerals.
